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Abstract — The objective of this paper is to provide a framework by
which jitter phenomena, which are encouniered af the output signals
of a head board in an awtomatic test equipment (ATE), can be st udied.
In this paper, the jitter refers to the one caused by radiated electro-
magnetic interference (EMI) noise, which is present in the h ead of an
ATE duie to DC-DC converier activity. An initial analysis of t he areas
of the head board most sensitive 10 EMI noise has been made. It iden-
tifies a sensitive part in the loop filter of a phase locked loop which is
used to obtain a high frequency clock for the timing generato r. Dif-
ferent H-fields are then applied externally at the loop filter to verify
the behavior of the output signal of the head board in terms of RMS
Jitter. As for RMS jitter measurements, a frequency domain methodol-
ogy has been employed. A trend for RMS jitter variation with r espect
to radiated EMI magnitude as well as frequency has been obiai ned.
Also the orientation of the external H-field source with resp ect to the
target board and its effects on the measured RMS jiner has be en in-
vestigated. For measuring the RMS value, a proper circuitry has been
designed on a daughier board to circumvent ground noise and ¢ on-
nectivity problems arising from the head environment.

Keywords — Automatic Test Equipment, jitter measurement, jitter
characterization in frequency domain, test head board, EMI induced
Jitter.

I. INTRODUCTION

To meet the challenges of designing and testing modern in-
tegrated circuits, Automatic Test Equipment (ATE) architec-
tures have undergone radical changes in operation and design
[2]. While past ATE architectures were based on shared re-
sources (i.¢., all channels shared test processor, pattern genera-
tor and timing generator (TG)), in the last decades so-called
Per-pin architectures have been developed o provide more
flexibility by allocating to each channel its own TG. In this
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architecture, all components except the test processor are in-
tegrated on a single board. Recently, ATE architectures have
been designed based on a Per-pin Test Processor architecture,
in which nearly all system components are integrated onto a
single chip.

This evolution has provided excellent test flexibility and
compactness, and has lowered the per-chip test cost. How-
ever, the new generation of ATEs requires high frequency op-
cration for testing high performance device-under-test {DUTs)
with no compromises in timing uncertainty. Therefore, the out-
put signal integrity in these ATE systems has become a critical
issue, because the clock speed of the IC’s under test is in the
Giga Hertz region. As ATEs provide the necessary instrumen-
tation for the genceration of tests and signals to device-under-
test (DUT) with high operating frequency, jitter has become
a critical parameter [3]. In multi-site testing, the quality and
repeatability of the timing requires very low jitter to get repro-
ducible test results. In order to guarantee the quality of the
system, an evaluation of the timing jitter must be performed. If
the jitter is excessive, steps must be taken to reduce it

Among signal integrity problems, jitter variation due to
radiated electromagnctic interference (EMI) from switching
power supplics has come to prominence and is addressed in
this paper. The goal of this paper is to provide, by means of
an experimental modeling, the framework by which jitter vari-
ation due to radiated EMI can be predicted. A measurement
methodology as well as a qualitative analysis (based on exper-
imental results) are proposed. In particular, while in [1] was
proposed a time domain based technique to measure the tim-
ing jitter, in this work frequency domain based measurements
have been employed.

The remaining sections are organized as follows: Section 2
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discusses the basic issues associated with the signal integrity
problem revolving around DC-DC converters. Furthermore, it
introduces an analytical model for jitter which is amenable to
a frequency domain measurement approach. A methodology
for measuring the jitter due to radiated EMI is then proposed
in Scction 3, followed by experimental resulls in Section 4.
Finally, conclusions are drawn in Section 5.

1I. SIGNAL INTEGRITY PROBLEM AND JITTER
CHARACTERIZATION

This section introduces jitter problems due to radiated EMI
noise in the head board of an ATE and outlines a model for the
proposed analysis,

A. Head Board and Signal Integrity Problem

An ATE consists of a power supply module, the chiller sys-
tem, a reference clock generator, and multiple head boards
such as the shown in Fig. 1.
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Fig. 1. Block diagram of a head board in an ATE

The test head board consists of memories, test pattern gen-
crator, liming generator, pin electronics, and programmable
parametric measurement function units. The memories store
the test vectors and the measured data collected from the DUT.
The pattern and timing generators provide patterns and tming
signals, respectively. The pin electronics circuitry merges the
timing, pattern and format information to drive the DUT pin
and compare the DUT outputs with the expected data. The
programmable parametric measurement unit acquires the DC
output parameters from the DUT,

As the head board is made of various components (whose
supply voltage levels are likely to be different), DC-DC con-
verters are also required. The wse of DC-DC converter has
several advantages: 1) its size is small and it can be mounted
on a printed circuit board (PCB); 1) it can generate virtuatly
any desited veltage level, independently of the input level; iii)

it is usually cheaper and much more efficient than linear power
supply modules.

However, converters may cause EMI in the head board due
to its swilching characteristics {4] and, therefore, the jitter of
the test signal may be increased. At today’s operating frequen-
cies. the timing margin of the test measurement has signifi-
cantly decreased. In general, the timing margin will become
warse due 1o the increasing clock speed by which the ATE must
operale for testing the DUT. Eventually. this can have a catas-
trophic impact on the test outcome as a good DUT could be
diagnosed as lauity due to jitter invalidating the timing mea-
surement.

B. Phase Noise Model

Jitter is usually defined as the deviation in the transition of
the signal from its desired (ideal) position. An extensive treat-
ment of jitter can be found in [6] {7].

In this work, the Phase Noise Model has been adopted to
characterize the jitter [7]. For limited jitler phenomena, as
in the considered case. the model allows to estimate the time
domain property from noise spectrum measurements using a
spectrum analyzer. This method is very convenient for high
frequency signals.

The Phase Noeise Model is illustrated {or a sinusoidal clock.
By analyzing only the fundamental component of a square-
wave signal (as target signal) a good jitter analysis can be ob-
tained [7].

In the Phase Noise Model, the jittering signal is modeled by
the phase modulated signal as

z(t) = Accoslwct + 0(t)] (1)

where 4, and w, are the amplitude and angular frequency of
the carrier (i.e. the fundamental component of the target signal)
respectively. From Eq.1 the phase noise can be expressed as
timing jitter by

a(t)

C

Atjjver =

2

Furthermore, for small phase noise, Eq.1 can be formulated
as:

z(t) = Accosw.t — B{t)Acsin(wet) = vs{t) + vna(t). (3)

where v, (t) and v, (t) are the signal and noise components of
the jittering signal respectively. Eq.3 shows, in a frequency do-
main, the jitter as baseband noise spectrum which is translated
by an ideal signal frequency.

From the previous equation it follows that:

A? .
< wop(t)? >= —éﬂ < 6t) > . 4
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By considering £q.2 and Eq.4, then

Orms _ UnRMS (5)

TimingJiti = = .
imingJitiergas o 5nfA,

Eq.5 translates the jitter spectral components (measured
through a spectrum analyzer) 10 a time domain.

1. EXPERIMENTAL SETUP AND METHODOLOGY

In this section, a methodology for measuring the jitter is
proposed. To account for the compact nature and placement of
the boards in the head of an ATE, a daughter board has been
designed for measuring the jitter.

A. Experimental Procedure

To measure the jitter as affected by the radiated EMI on the

head board, the following procedure is proposed.

|. H-field emissions measurement from the hoard: The
H-field is measured on a fully powered head board near
the DC-DC converters, with a close-field probe and a
spectrum analyzer [8]. In addition, H-field emissions are
measured at other locations on the board.

2. H-field generation: Using a coil and a function gener-
ator, the H-ficld is forced along the test signal genera-
tion path which consists of the PLL, the clock distribution
IC’s. the timing generator IC, and the time vernier IC.

3. Jitter measurement: The jitter is measured while apply-
ing the various H-fields to the signal generation path. To
ensure that the measured jitter is only due to the forced
H-field, the latter is generated for frequencies at which no
other spectral component was previously identifted.

4. Analysis: The ratio of the applied H-field to the origi-
nally measured H-field is an indication of the sensitivity
of the timing in the presence of the DC-DC converters.
A trend for the measured jitter with respect to EMI noise
magnitude and frequency is then drawn and some quali-
tative results about jitter dependency with respect 1o the
H-field generator orientation and the target board are pre-
sented.

B. Daughter Board Design

To accurately measure the jitter of a signal, it is necessary
to carelully check the fixture of the signal interconnections
and to consider issues such as connectivity, ground noise and
impedance matching.

Thus, to have trustworthy experimental results, connections
must be stable, ground noise must be avoided and impedance
matching in the transmission path must not be impaired. An
auxiliary daughter board (as presented in [1]) has been used o
overcome these problems. This board is compatible with the
head board and allows ATE operation. A circuit diagram of
the daughter board is shown in Fig.2.
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Fig. 2. Circuit diagram of the auxiliary daughter board

This circuit consists of a buffer circuit, a swilching power
supply module, several capacitors (power and coupling), and
termination resistors.

The input signal frequency F_IN (Fig.2) is greater than
1GHz and the power supply comes from the test head board.
The various components are described as follows:

o (12 are AC coupling capacitors; C3 4, Cs g and Cy are
used as power bypass capacitors for the various power
supplies.

» Some supply voltages come from the test head board; The
supply power for the bulfer circuit is generated from the
small switching power supply module on the board.

« Ry 2 arc pull-down resistors, and their values are 187 €1,
R34 are back-matching resistors whose values are 43 (1;
together with the internal 7 £} resistance of the buffer, this
accomplishes the 50 £ impedance matching.

« As the board thickness is 0.063", the trace width to make
a 50 £t impedance is (.1 107 [9].

« A MMCX connector is used, because the space between
the daughter board and the head board is very tight.

Fig. 3. Photograph of the daughter hoard

A picture of the daughter board is shown in Fig. 3.
IV. EXPERIMENTAL MEASUREMENTS AND RESULTS

Experimental measurements and results obtained with the
propoesed procedure are now presented in more detail,

A. On-board DC-DC Converter Emission Measurements

To measure the emissions trom the DC-DC converters, the
following equipment is used: a commercial close ficld probe,
a pre-amptificr and a spectrum analyzer.
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Fig. 4. Experimentat set-up to measure the DC-DC converter emission

TABLE [
MEASURED H-FIELD FROM THE DC-DC CONVERTERS

Frequency| KHz] H-Field[d B '%A]
198 131.]
1698 120.86
204 130.27

The measurement methed employed for the head board is
similar to the one described in [8]. Fig. 4 shows the exper-
imental setup. The close-lield magnetic probe, applied close
to the DC-DC converters, reveals the radiated H-field. The
probe’s output is connected to a pre-amplifier and then to the
spectrum analyzer. The gain of the signal paths (including pre-
amplification and the probe antenna factor) are considered for
accurate H-field measurements.

All frequencies up to 1 GHz have been scanned to find the
spectral components of the produced emissions. The measured
results show that the peak of the H-field occurs at around 200
KHz, which 1s the same as the switching {requency of the three
DC-DC converters used in the board. The experimental results
are given in Table 1. Very little energy was observed at fre-
quencies above 1MHz.
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Fig. 5. Jiter measurement configuration

B. Jitter Measurement: Experiment Description

The experimental configuration for the measurement of the
jitter 1s shown in Fig. 5.

Alter the experimental configuration is set up, an external
H-field is forced to reveal the most sensitive part in the board.
As for the external H-field generator, a coil has been made by
turping a thin wire in a three layer structure. The coil is alse

TABLE Il
H-FIELDS [A/M] AT DIFFERENT FREQUENCIES GENERATED BY GIVING AT
THE COIL INFUT A SINUSOIDAL SIGNAL LINEARLY INCREASING FROM
1Vyp TO 10V, WITH A | Vyp, STER.

Vim | 250 Kllz | 500 Kilz | 1 MHzZ
10 1 157943 | 78253 | 360.16
STTIEET |0 R0
8 19135 163096 | 789.40
71 111558 | 55335 | 254.68
6195940 | 47643 TR 7R
3 80353 | 39857 | 15302
T | 64640 | 32026 | 14706
3| 48417 | 240.16 | 11028
T I63 | 15040 | 7330
T 161.25 7980 | 3681
RI
Va e it '
1 —+ Vout
==
ALK
Vb \ / i V|
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__I_ I Il ;
= = "
2
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Fig. 6. Loop filter of the phase locked loop

shielded with respect to the E-field, to prevent capacitive cou-
pling effects with the board. Therefore, only the H-field con-
tribution to the measured jitter has been considered. As men-
tioned before, we generate H-fields of different frequency and
magnitude. Table I1 shows the obtained values with sinusoidal
input signals at 250 KHz, 500 KHz and 1 MHz respectively,
and amplitude lincarly increasing from 1V, to 10V, Accord-
ing to Table II, due 10 the coil characteristic impedance, higher
values of H-ficld and wider ranges are generated at smaller fre-
quencies. However, at each frequency the induced jitter can be
obtained with respect to EMI magnitudes.

Hercafter, unless specified, the external H-field is intended
to be generated by the coil with its magnetic axis perpendicu-
lar to the board plane. However, a qualitative analysis of the
effects by considering dilferent crientations is also discussed.

The most sensitive part is identified in the loop filter of the
liming generator’s PLL, shown in Fig. 6. In pariicular, a high
sensitivity to EMI occurs when the external H-field generator
is applied close to the closed loop A, made by R1, R2, Cl and
C;, in Fig. 6.

Fig. 7 shows the two spectra around the fundamenial com-
ponent of the target signal before and after applying a 250
KHz external H-field to the PLL loop filter. When the external
H-field is applied, a component appears at a distance of 250
KHz from the fundamental, as expecied from the Phase Noise
Model for the jitter (Eq.3, Sec.2.2). Spuria visible in the spec-
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Fig. 7. Spectra around the fundamental component of the target signal before
and after the application of the external H-field.

TABLE N
THE MEASURED RMS ITTER BY APPLYING H-FEELDS OF DIFFERENT
MAGNITUDE AT DIFFERENT FREQUENCY

E 1 s ezt £ s
it idums

Fig. 8. Meosured RMS jitter by applying H-fields of different magnitude at

250 KHz 500 KHz 1 MHz Iy
ﬂ», 3 N

Magn. Jitter Magn. Jitter | Magn. | Jitter different frequency
[Afm] | [ps] | [A/m] | [ps] | [A/m] | [ps]
2789.33 | 3955 1638.7 19.46 | 811.90 8.95
353221 | 3574 | 152757 | 1752 | 75596 | 812 TABLE IV
227248 | 31.92 | 137880 | 1565 . 7.13
1997 56 | 2767 | T30.39 I3.21 22;21 535 THE MEASURED RMS JITTER APPLYING A 173dBpA/m H-FIELD AT
1719.89 | 23.86 | 1051.96 | 1164 | 52662 | 535 DIFFERENT FREQUENCIES
143714 | 1991 883.08 9.75 445.14 | 4.45
115478 | 1578 | 709.58 7.8 356.86 | 3.58 Frequency [KHz] | RMS Jitter |ps)
%6796 | 1174 | 53333 | 581 | 26823 | 2.67 750 13
579.43 7.381 336.45 389 | 17989 | 178 00 a1
28874 | 394 | 17865 | 196 | ®9.33 | 090 300 75

B0} 6.98

1000 9.08

trum not corresponding to any application of external noise are
due to EMI effects from the on-board circuitry. To clearly iden-
tify the applied H-field (as cause of a measured spectral com-
ponent) frequencies at which no spectral component is found
with no H-field injection must be analyzed. The chosen fre-
quencies are consistent with trends of head board design.

C. Jitter Measurements: Results

Starting from the values observed for the DC-DC converter
emission, H-fields ol increasing magnitude are generated at
different frequency. This noise is applied to the head board
to investigate its effects on the RMS jitter of the board output
signal.

While applying H-fields with magnitude similar to the mea-
sured DC-DC emission, the observed jitter is tolerable. Sig-
nificant RMS jitter values are obtained with H-fields of higher
magnitudes, as describing worst case scenario in the ATE.

The applied H-ficlds and the corresponding measured RMS
jitter values are shown in Table 111 and Fig.8. This shows a
tinear dependency of the measured jitter with the H-field mag-
nitude. Moreover, the slope of the curves decreases when the
frequency increases, thus showing a higher sensitivity of the
Jitter phenomena to lower EMI neise frequencies. This behav-
ior is valid for frequencies up to IMHz. For higher frequencies
of EMI noise (not considered in this paper) the amount of jitter
increased.

As for jitter dependency on noise frequency, Table IV and
Fig.9 show the results obtained for a fixed H-field magnitude
of 173 dBuA/m. The behavior by increasing the frequency
has been identified in a polynomial curve whose equation is
reported in Fig.9. R? in Fig.9 indicates the degree of accuracy
of the proposed fitting method.

Moreover. experiments have been made to give a qualitative
description of jitter's behavior for polarization issues between
the forced H-ficld and the target board. While keeping the H-
field generator (coil) at the same distance from the board, the
angle between its magnetic axis and the board plane itself was
varied. As shown in Fig.10, different angles are considered by
pivoting the coil horizontally and vertically.

For example. Fig. 11 shows the jitter values obtained by ap-
plying a 250 KHz H-field with the magnitudes reporied in Ta-
ble 111, and varying (Fig. 10} the angle“vertically” between the
coil polar axis and the board. For different angles, the results
show that the jitter is still linear with the H-field magnitude.
However, different slopes correspond o different angles, thus
highlighting different coupling effects. In particular. higher
sensitivity is evident with an angle of 90 degrees between the
coil axis and the board plane.
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Fig. 9. Measured RMS jitter by applying a 173 dBuA/m H-field at different
trequency

Fig. 10. Relative movements of the H-field generator with respect (o the
target board plane.

V. CONCLUSION

As new generations of head boards are integrating most
measurement functions (which in traditional ATEs were per-
formed in the mainframe), higher accuracy can be achieved for
high speed DUTs. However, the presence of ncarby swiiching
power supplies can potentiatly introduce jitter, and the jitter
must be carefully controlled.

A jitter measurement methodology has been proposed; by
analyzing the experimental results, it has been shown that a re-
lationship exists for jitter variation with respect to EMI emis-
sion. To characterize the radiated clectromagneltic noise in the
head of an ATE, an external H-field generator has been de-
signed. Experiments have been conducted by injecting onto
the board H-fields of different magniude and frequency. The
corresponding jitter variations have been monitored.

Due to the operational features of an ATE the jitter was mea-
sured at the output of the head board using a daughter board,
which was designed to circumvent ground noisc and connectiv-
ity problems {1]. As per the Phase Noisc model [7], the mea-
surements have been made in a lrequency domain, and con-
verted to a time domain.

230%H1. differem sngles [

=

pre o

M R

Fig. 11. Jitter measurements obtained by applying H-felds of mcreasing
magnitude and fixed frequency (250 KHz) and varying the angle between the
coil axis and the board plane with a vertical movement.

When the H-field sirength is applied and varied at the loop
filier of the PLL (which was previously identified as the most
sensitive area of the head board), a jitter variation is observed.
A direct relationship with the applied H-field has been estab-
lished with the RMS jitter and the radiated EMI.

As for EMI interference it is anticipated that the framework
provided by this research will be utilized to design ATE and
head boards that can operate at very high frequencics.

ACKNOWLEDGEMENT
This research has been supported by LTX Corporation of
Westwood, Massachusetts, and by the International Test Con-
ference Endowment at Northeastern University.

REFERENCES

{1] Y.J.Lee. T.Kane, J-J.Lim. L.Schiano,Y.-B.Kim. F.i.Meyer, FLombardi
and 5.Max “Analysis and Measurement of Timing Jitter Induced by Ra-
diated EMI noise in ATE"in IEEE Trans. on Inst. and Meas., vol 52,
No.6, pp. 1749-1755, Dec.2003.

[2] M. Goto and K. Hilliges, “The DFT age ATE architecture - The multi-
port ATE." in Semicon. Semi Techmical Symposiunr, 2000.

[3] M. Keating. “Fundamental Limits (o Timing Accuracy,” in IEEE ITC
Proceedings, pp.756-762, 1986.

[4] M. Mardiguian, Controlling radiated emissions by design, Kluwer Aca-
demic Publishers. 2nd edition, 2001

[5] 1. G. Kassakian, M. F Schlecht, G. C. Verghese. Principles of Power
Electronics, Addison Wesley, June 1992,

[6] T.J. Yamaguchi et al, “A Method for Measuring the Cycle-to-Cycle Pe-
riod Jitter of High -Frequency Clock Signals,” in 91h IEEE VLSI Test
Symiposium Proceedings, pp.174-177, 2001.

[7] M. Shimanouchi, “An approach to Consistent Jitter Modeling for Various
Jitter Aspects and Measurement Methods”, in JEEE ITC Proceedings.
pp.848-857. 2001,

[8] R. Thettappillil, V. Scuka, J.Eriksson, A, Eriksson, and P, Ohman, “Es-
timation of ficlds radiated by a PCB from close magnetic ficld measure-
ments”, in Int. Conf on Eleciromagnetic Compaitibility, pp.89-93, 1997.

9
[10]

(11}

2155

“Designing with LVDS”, hup:www.national.com/appinfor/ivds.

R. J. Baker, et al. “CMOS circuit design, layout, and simulation™, IEEE
Presy, 1997,

B. P. Lathi, Modern digital and analog communication systems, Saun-
ders College Publishing, 1989, 2nd edition.



	footer1: 


